OBJECTIVE: To investigate the relationship between leptin concentrations, various metabolic indices and body composition in six different groups. DESIGN AND MEASUREMENTS: Anthropometric measurements, fasting plasma glucose, serum insulin, C-peptide, FFA and leptin levels were performed. In the obese and diabetic subjects, body composition was analysed with bioimpedance equipment and as a 5 level CT scan. SUBJECTS: Five lipoatrophic diabetes mellitus (LDM) patients, ®ve normal subjects (N), nine white and nine black obese women (WW, BW), and nine white and nine black diabetic women (DWW, DBW) were investigated after an overnight fast. RESULTS: In both ethnic groups there was a positive correlation between leptin and BMI (black group: r 0.8; P`0.0001, white group: r 0.7, P`0.002) and leptin and SC fat mass (black group: r 0.6; P`0.005, white group: r 0.6; P`0.004).
Introduction
The physiological role of leptin in health and disease has not yet been fully elucidated. Leptin levels have been consistently associated with body adiposity and body mass index (BMI). 1, 2 Leptin is also known to regulate acute and chronic energy balance as well as thermogenesis. 3 ± 5 In order to understand the full range of leptin's biological activities, clari®cation is still needed on the impact that leptin may have on insulin regulated responses, 6 and vice versa. 7 Ethnic differences in leptin levels and leptin's role in the regulation of resting energy expenditure have previously been reported by Nicklas et al. 8 We have previously studied black (BW) and white urban obese women (WW) from South Africa. Those urban obese BW who are as westernised in diet and lifestyle as obese WW, more commonly present with type 2 diabetes (7% vs 3.6%), 9 , 10 but with a much lower incidence 11 and mortality due to ischaemic heart disease (8a100 000 vs 55a100 000). 12 The BW were relatively insulinopenic, with higher FFA and glucose concentrations, but with a more favourable lipid pro®le. 13 ± 15 In addition, BW released more glycerol and FFA from their subcutaneous (SC) fat tissue as a result of their higher lipolytic rate (submitted data). In view of the high incidence of obesity amongst urban BW (59.4%), 15 as well as previous observations of differences in the intermediary and fat metabolism between these two ethnic groups, we analysed leptin levels to evaluate the relative contribution of body fat mass and fasting insulin concentrations to leptin levels in our black and white women. We included a small group of patients with lipoatrophic diabetes (LDM). Although this is a rare disease, these patients are an interesting phenotypic group to study because they are virtually devoid of subcutaneous fat. 17 The contribution that factors such as a high FFA or low visceral fat mass may have in these disease pro®les, has not been studied in South African diabetic women before. In addition, we outlined the relationship between leptin levels, various fasting metabolic indices and body composition pro®les as documented in both obese and diabetic women.
Research design and methods
Nine black and nine white obese women, and nine black diabetic and white diabetic women were matched for age, BMI and WHR. The other clinical data are shown in Table 1 . The obese women were also matched for diet, duration of obesity (8 ± 10 y), level of physical and habitual activity, number of offspring (no more than three) and socio-economic background (verbal questionnaire). None of the women were postmenopausal or on oral contraceptives. The diabetic women had a duration of diabetes between 3 and 5 y, and none of the diabetic patients were treated with insulin (oral sulphonylureas only).
The exclusion criteria included diseases of all the major organs, excessive smoking and alcohol consumption. Five normal female subjects were recruited as controls for the ®ve LDM patients. The LDM patients were a group made up of mixed ethnicity (two black, one coloured and two white patients). Their treatment varied according to the severity of their associated complications (two on insulin, two on oral anti-diabetic agents and one on lipid lowering agents). As a group they were unique, and studied purely within this context. Due to logistical problems they could not have all their anthropometric data, CT scans or body composition analyses performed. All the patients gave informed consent, and the study was approved by the Committee for Research on Human Subjects of the University of the Witwatersrand. After an overnight fast of 10 h, venous blood was taken for analysis of glucose, insulin, C-peptide, FFA and leptin levels.
Biochemical analysis
Glucose was measured with an enzymatic colorimetric method (GOD-PAP, Boehringer Mannheim, Germany). Radioimmunoassay kits were used to measure C-peptide (Medgenix Diagnostics, Belgium; normal range 110 ± 1270 pmolal), and leptin levels (Linco Research Inc., St. Louis, Missouri, USA; normal range: 3.7 ± 11.1 ngaml). Insulin levels were determined with an enzyme ampli®ed sensitivity immunoassay (EASIA ± Medgenix Diagnostics, Belgium; normal range 13.8 ± 172.5 pmolal). FFA concentrations were measured with an enzymatic method (FFA Half-micro test Boehringer Mannheim, Germany; normal range 300 ± 800 mmolal). The specimens were stored at 7 70 C until analysed in a single assay to avoid inter-assay variation.
Body composition analyses
This was the ®rst test to be performed in the morning with bio-electrical impedance analysis. 13 The Bodystat machine (Bodytrach Pty. Ltd., South Africa) was used to assess the body composition for fat and muscle tissue (kg; %). The bio-impedance equations are based on the South African population as a whole. 
CT scan measurements
In the week prior to their investigation a ®ve-level CT scan was done (Phillips SR 7000; The Netherlands) on the women in the fasted state, as previously described by Van der Merwe et al. 13 The scan parameters were:
(1) 10 mm slice thickness; (2) 120 kV; (3) 250 mA; (4) 2 s and (5) 340 ± 480 mm FOV, depending on the size of the subject. They were in the supine position, with the photographic images taken in resting expiration.
Measurements of visceral and SC fat (truncal and gluteofemoral) were done. The ®ve levels were derived from two scanograms and included a CT slice at the level of the diaphragm, umbilicus, L4 ± 5 lumbar disc, the widest diameter of the pelvis and mid-thigh (the total distance from the iliac crest to acetabulae and from acetabulae to the knee joint, divided by two). The ®rst scanogram included the diaphragm, umbilicus (marked with a metallic coin), iliac crest and symphysis pubis, with a maximum length of 500 mm from the umbilicus. The second scanogram extended from the symphysis pubis to the knees. The widest parasagittal diameter was measured at the level of L4 ± 5. The fat areas were calculated with a Region of Interest seeding programme on a Philips Gyroview workstation (fat values were chosen between 7 30 HU and 7 130 HU). The areas of SC and visceral fat were calculated separately and the anatomical boundaries were as described by Kvist et al. 18, 19, 20, 21 Visceral fat was measured at the top 3 levels. The parasagittal diameter was measured at the level of L4 ± 5.
Statistical analysis
Statistical signi®cance of parametric data was assessed by Student's paired and unpaired t-test. Linear regression analysis was done using the least squares method and linear correlations were tested with the Pearson's correlation coef®cient (r). A value of P`0.05 was considered signi®cant. Data are expressed as mean AE sem.
Results

Clinical and anthropometric measurements
There were no differences in age or BMI between the WW and BW, or the DWW and DBW (Table 1) . However, the diabetic obese women were all substantially heavier than the non-diabetic women. BMI and body weight were much lower in the LDM patients and normal subjects.
The WHR of the WW and BW showed no signi®cant difference (0.80 AE 0.02 in both groups), and although it tended to be higher in the DBW and DWW (0.86 AE 0.02 and 0.90AE 0.02 respectively), it was not signi®cant.
Measurement of the parasaggital diameter at the level of L4 ± 5 of the CT scan was lower in the BW compared with WW (26.1 AE 0.7 cm vs 27.8AE 1.1 cm; P`0.05), as well as in the DBW compared with DWW (29.5 AE 1.3 cm vs 32.7 AE 1.5 cm; P`0.05). The parasaggital diameter was higher in the diabetic women compared to the non-diabetic women. Waist circumference followed a similar trend to the parasaggital diameter within all four groups.
Body composition analyses
Body composition analyses showed that the diabetic women had substantially more total body fat than the obese women, both in kilograms and expressed as a percentage, with a corresponding decrease in the percentage lean mass in the diabetic group ( ; P`0.01). There was a marked increase in the amount of visceral fat mass in the DBW compared to the BW (138AE 11 cm 2 vs 66.6AE 5 cm 2 ; P`0.0001), but the DBW still had less visceral fat compared to the DWW (138 AE 11 cm 2 vs 173AE 9.6 cm 2 ; P`0.01). 
Biochemical analyses
Mean fasting glucose concentrations showed a Ushaped distribution, with elevated levels recorded in the LDM patients (11.7 AE 0.65 mmolal) and the two groups of diabetic women (DBW 9.20 AE 0.22 mmolal and DWW 9.03 AE 0.7 mmolal; P ns). Normal subjects and the two groups of non-diabetic obese women had fasting glucose levels in the normal range ( Figure  1) .
Mean fasting insulin levels were signi®cantly elevated in the LDM patients (LDM vs N: 890.1AE 186.3 vs 81.4 AE 13.8 pmolal; P`0.0001), and C-peptide levels were not signi®cantly higher when compared with normal subjects (Table 3 ). In the BW, insulin (P`0.01) and C-peptide levels (P`0.0001) were signi®cantly lower than those of the WW. The DBW had signi®cantly higher fasting insulin (P`0.0001) and C-peptide levels (P`0.05) compared to the non-diabetic BW, but in comparison to the DWW, both the insulin (P`0.01) and C-peptide levels (P`0.05) were signi®cantly lower. No signi®-cant increases were observed in the insulin and Cpeptide levels between the WW and the DWW.
Mean fasting FFA levels increased from normal, to obese, to diabetic subjects. Signi®cantly lower levels were recorded in the LDM patients compared to the normal subjects (140AE 20 vs 400AE 4.4 mmolal; P`0.0001), and levels were signi®cantly higher in both black groups of women compared to the two groups of white women (BW vs WW: 833AE 30.0 mmolal vs 441 AE 14.3 mmolal; P`0.0001 and DBW vs DWW: 1271AE 40.9 mmolal vs 375AE 60 mmolal; P`0.0001) (Figure 2 ).
Mean fasting leptin concentrations showed a progressive increase across ®ve of the groups, with the lowest level recorded in the LDM patients (2.7 AE 0.3 ngaml) and the highest level recorded in DBW (42.5 AE 1.9 ngaml) (Figure 3 ). Levels were signi®cantly higher in both groups of black women compared with the white women despite no signi®cant differences in weight, BMI or total body fat mass within the obese or diabetic groups. There was a strong linear correlation between leptin concentrations and BMI when combining the six groups (r 0.74; P`0.001) (Figure 4a) . When combining the two groups of black women and the two groups of white women, the following correlations were obtained: BW and DBW: r 0.8; P`0.0001, WW and DWW: r 0.7; P`0.002. (Figure 4b,c. ) Similarly, leptin Figure 1 Fasting glucose values for the six groups. P unpaired Student's t-test; Data are means AE sem; LDM vs N: P`0.0001; WW vs BW: NS; BW vs DBW: P`0.0001; DBW vs DWW: NS. Figure 2 Fasting FFA values for the six groups. P unpaired Student's t-test. Data are means AE sem; LDM vs N: P`0.0001; WW vs BW: P`0.0001; BW vs DBW: P`0.01; DBW vs DWW: P`0.0001. Figure 3 Fasting leptin values for the six groups. P unpaired Student's t-test Data are means AE sem; LDM vs N: P`0.0001; WW vs BW: P`0.05; BW vs DBW: P`0.05; DBW vs DWW: P`0.05.
Free fatty acids, insulin and leptin levels M-T van der Merwe et al correlated positively to FFA levels r 0.61; P`0.0001) ( Figure 5 ). Combining the obese and diabetic women in the two ethnic groups did not alter statistical signi®cance (black women: r 0.40; white women: r 0.05). Mean SC fat mass was measured by CT scan, and was available in four of the groups ± the two groups of obese women and two groups of diabetic women. For the study group as a whole, there was a signi®cant correlation between leptin concentrations and SC fat mass (r 0.76; P`0.0001) (Figure 6a ). Combining the women in the two ethnic groups showed positive correlations for the black women (r 0.60; P`0.005) and the white women (r 0.60; P`0.004) (Figure 6b,c) .
Correlations done within the individual groups showed that in the LDM patients leptin levels correlated negatively with weight (r 7 0.9; P`0.02). In the WW, leptin levels correlated positively with weight (r 0.8; P`0.009), both kilograms (r 0.7; P`0.03) and percentage of fat mass (r 0.7; P`0.05), as well as fasting insulin levels (r 0.8; P`0.008). A positive correlation was found between leptin levels and weight (r 0.7; P`0.04), BMI (r 0.8; P`0.008) and mean SC fat mass (r 0.8; P`0.008) in DBW. In the DWW, leptin levels correlated positively with weight (r 0.6; P`0.01), BMI (r 0.7; P`0.01), both kilograms and percentage fat mass (r 0.7; P`0.01 and r 0.5; P`0.01) and mean SC fat mass (r 0.7; P`0.01).
Discussion
Human obesity is a complex consequence of many factors. We initiated this study to evaluate the possibility that plasma leptin concentrations may be related to the differences found in intermediary metabolism and body composition in various ethnic groups. These included a relative insulinopenia in the black population with more glycerol and FFA released from their adipose tissue. Although the pathophysiology of leptin in humans is not as simple as it seemed to be in rodent models of obesity, its role as an adipocyte-derived signalling molecule seems well established. 
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Adipose tissue leptin mRNA concentrations and plasma leptin levels have been found to be closely correlated with the size of the adipose tissue depot. 1, 2, 22 This was also the case in our patients, in whom BMI ranged from 21.5 to 40.1. The more speci®c in¯uence of total body fat mass was however highlighted by the LDM patients, who presented with lower leptin levels compared to the normal control subjects despite a similar BMI. Likewise the black ethnic group of women presented with higher leptin levels compared to the white ethnic group of women, despite comparable BMI's. It remains remarkable that the LDM patients are still able to produce leptin despite their virtual total lipo-atrophic state (Dr S O'Rahilly ± personal communication) and perhaps re¯ects a degree of insulin resistance. 23 Thus, although the BMI may show a correlation with leptin levels when performed across a broad spectrum of body weights, other factors such as peripheral fat mass and distribution, as well as insulin resistance, may be far more important in determining the leptin concentration. 24 In the four groups of obese women, both diabetic and non-diabetic, leptin correlated closely with the mean amount of subcutaneous tissue as measured by CT scanning. This would support the view of Lo Ènnqvist et al that leptin mRNA, leptin secretion, and circulating leptin levels are all more closely related to the stored amount of lipids in the fat cells of adipose tissue than they are to an arbitrary division into obese vs non-obese. 25 The six groups of patients had FFA levels ranging over a wide spectrum. We have previously documented higher FFA levels and a more brisk lipolysis in the black obese women, when compared to the white obese women. 13 This was thought to be due to the relative insulinopenia documented in the black women, resulting in a diminished anti-lipolytic effect on adipose tissue. This relationship between increased adipocyte lipolysis and excess release of fatty acids has been outlined before. 26 The lack of lipolytic control appears to be present in the obese black diabetic women as well, because we have documented particularly high levels of FFA in this group, despite moderate diabetic control. The very high fasting plasma FFA in the DBW coincided with both an increase in insulin levels and visceral fat mass. The high FFA levels could be the result of an increasing insulin-resistance pattern with portal hyperinsulinemia and subsequent reduction of the antilipolytic effect of insulin. 27 In addition, it is known that high physiological concentrations of FFA reduce hepatic insulin binding and degradation and therefore insulin clearance. 27, 28 This effect will be ampli®ed by obesity, particularly when localised to the abdominalavisceral regions. 29, 30 Furthermore increased FFA availability can induce skeletal muscle insulin resistance by increasing the¯ux of fructuse-6-phosphate into the hexosamine pathway, 31 as well as alter both insulin secretion 32 ± 34 and hepatic degradation. 35 There is also evidence that an increase in leptin levels, characteristic of obese individuals, can lead to insulin resistance, as well as compromise the ability of the b-cell to compensate for the insulin resistance. 36 ± 40 It therefore seems feasible to conclude that the higher leptin and FFA Free fatty acids, insulin and leptin levels M-T van der Merwe et al concentrations in our black population are linked, and may act in concert to induce an acquired insulin resistance. This argument is strengthened by the fact that we have found that black obese women are more insulin resistant during the hyperinsulinemic euglycemic clamp procedures (submitted data), and that there is no noticeable difference in the correlation between leptin concentrations and BMI, or leptin levels and subcutaneous fat mass between the two ethnic groups. The relationship between leptin and insulin appears to be very complex. Both hormones participate in the neuro-endocrine obesity axis and the satiety control pathway, but both hormones also modulate each other's functional activities, as well as insulin resistance. 41 ± 44 Berti et al provided data with evidence for a positive crosstalk between the signalling chain of the insulin receptor and the leptin receptor. 45, 46 This effect of leptin will occur independently of insulin-receptor-substrate-1 activation, and most likely through activation of phosphatidylinositol-3-kinase. 46 The resulting dual regulating action of leptin on glucose transport and glycogen synthesis, as well as on insulin signalling appears to be concentration-dependent: thus the higher leptin levels in the black population may be compensating for the diminished insulin signalling in this relatively insulinopenic population. Alternatively, the higher leptin levels in the black population may represent a form of leptin resistance due to defective leptin signalling, resulting in hyperglycemia and a possible over-expression of hypothalamic NPY. 47 This will need future investigation. In contrast, leptin has also been described to suppress second phase insulin secretion by reducing the activity of calcium-dependent protein kinase C isoforms. 48 Although the relative insulinopenia of the black population is thought to be a consequence of reduction in the b-cell mass due to transient episodes of protein-energy malnutrition during infancy or in utero, 49 ± 51 the possibility of other compounding or aggravating factors cannot be excluded.
The difference in the amount of visceral fat between the black and white women is unlikely to be responsible for the difference in the leptin levels between these groups, as the contribution of visceral fat to the overall body fat mass in women still remains small ± approximately 10%. 52 Effectively the difference in the visceral fat mass between the two groups would then account for less than 3% of the overall contribution to total body fat mass. However, this does not detract from the fact that visceral fat accumulation may be one of the main determinants of obesity-related diseases. 53 In addition, van Harmelen et al has recently shown the SC fat depot to be the major source of leptin in women, owing to the combination of a mass effect and higher secretion rate. 54 Differences in the amount of visceral fat between the black and white groups of women have been shown before. 13 This study con®rms the lower amount of visceral fat in the black ethnic group of women when compared to the white women, but both ethnic groups virtually double their amount of visceral fat once they have diabetes. Visceral obesity is particularly associated with hyperinsulinemia, increased portal FFA concentrations and hepatic gluconeogenesis. 26 It is unlikely that the characteristic dyslipidaemia associated with visceral adiposity in the Caucasian population will be a part of the metabolic pro®le of the black diabetic population, 55 as this may well be one of the protective factors against the black diabetic patients developing a higher incidence of coronary heart disease. 11, 12, 56 In conclusion, leptin concentrations are a good marker of BMI and subcutaneous body fat in both black and white obese women, with or without diabetes. However, despite a similar body fat mass, leptin levels in the black ethnic group of women are set at a higher level compared to the white women, implicating additional contributing factors such as insulin and FFA levels, as well as insulin resistance. The lower visceral fat mass in black obese and black diabetic women when compared to white women may be related to their relative insulinopenia, but both ethnic groups show a marked increase in visceral fat mass during the diabetic disease state.
